Introduction
============

Articular hyaline cartilage is a unique connective tissue that has to withstand high physiological mechanical loading. However, once the cartilage development is completed, mature chondrocytes no longer proliferate, meaning that there is almost no intrinsic regenerative potential. Therefore, during the normal aging process, robust articular cartilage is slowly but continuously degraded.[@b1-ijn-10-1131] Additionally, genetic and age-related cartilage degradation, like osteoarthritis, as well as trauma-induced cartilage lesions occur and are major challenges for medical therapeutic approaches in an aging society. There are many research groups dealing with the question of how chondrogenic defects of varying degrees could be best treated. The main goal is to rebuild hyaline cartilage and thus induce and improve the self-healing process.[@b2-ijn-10-1131] By slowing down the progression of cartilage degradation, the use of a total knee endoprosthesis could be delayed or even prevented.[@b3-ijn-10-1131] Recent in vitro studies indicate that the most efficient chondrogenic differentiation of chondrocyte-like progenitor cells and mesenchymal stem cells is achieved by using standard cell culture medium supplemented with growth factors like insulin-like growth factor (IGF) 1, transforming growth factor (TGF) β1 and 2, fibroblast growth factor (FGF) 2, and bone morphogenetic protein (BMP) 2.[@b4-ijn-10-1131]--[@b6-ijn-10-1131] It is known that IGF-1 enhances the synthesis of proteogly-cans and directly decreases the degradation of proteoglycans in cartilage.[@b7-ijn-10-1131] Moreover, it was shown that IGF-1 helps to maintain the survival of chondrocytes.[@b8-ijn-10-1131] In combination with TGF β, IGF-1 has a stimulatory effect on the adhesion of chondrocytes to fibronectin and collagen type II.[@b9-ijn-10-1131] It is important to ensure the controlled delivery of biomolecules, like IGF-1, to avoid adverse effects. Nano-sized carriers (nanoparticles) are considered an attractive tool for this, as nanoparticles are small in dimension, offer a high surface area to volume ratio, and enable targeted drug delivery.[@b10-ijn-10-1131],[@b11-ijn-10-1131] Within the last 20 years, in biomedical research, mesoporous silica nanoparticles (sNP) have been increasingly developed as suitable vehicles for controlled drug delivery in clinical applications and diagnostics. Those functional nanocarriers need to fulfill important characteristics, for example high biocompatibility; stability and easy internalization; high traceability and imaging capacity; low toxicity; and controlled drug delivery.[@b12-ijn-10-1131] For the study of receptor--ligand interactions, stimulating biomolecules can also be attached to the surface of sNP. This enables an increased and targeted cell stimulation tool which allows the binding capacity to be visualized through fluorescently labeled nanoparticles.[@b13-ijn-10-1131] The nanoparticle--IGF-1 conjugates used in this work have a relevant advantage compared to mesoporous particles loaded with growth factors. From the latter, the growth factor is released and diffuses through the collagen matrix and thus distributes all over, while for the nanoparticles, the growth factor is immobilized by chemical bonding to the particles and thus remains in the collagen matrix at the destination.

With regard to the clinical application for cartilage repair, cells have been incubated in three-dimensional culture systems, like pellets and microspheres,[@b4-ijn-10-1131],[@b14-ijn-10-1131] as well as hydrogels or biomaterials.[@b15-ijn-10-1131]--[@b18-ijn-10-1131] Superficial cartilage defects have mainly been treated with hyaluronic acid (HA), while chondral and osteochondral lesions have been medicated by means of HA and autologous cartilage transplantation (ACT) since 1994.[@b19-ijn-10-1131]--[@b23-ijn-10-1131] In the latter case, the use of matrix-assisted autologous chondrocyte transplantation has become increasingly attractive since 1998, because articular cartilage defects of varying degrees can be replenished more easily and in a more targeted manner.[@b22-ijn-10-1131],[@b24-ijn-10-1131] So far, a variety of different synthetic and natural materials have been investigated with respect to cartilage repair.[@b3-ijn-10-1131],[@b25-ijn-10-1131] The main focus lies on restoring the complex structure and properties of hyaline cartilage to achieve long-term improvements in cartilage engineering.[@b26-ijn-10-1131] Despite a high number of studies, the optimal scaffold for the repair of cartilage defects has not yet been identified. There are a lot of requirements that need to be fulfilled. The material has to be biocompatible, biodegradable, and bioac-tive.[@b3-ijn-10-1131] Cells are expected to grow into the scaffold and start producing their own extracellular matrix, so that the defect is replenished with autologous chondrocytes and a functional hyaline cartilage-like matrix at the end.[@b27-ijn-10-1131] Collagen-based bio-materials turned out to be well-suited; for example, scaffolds consisting of collagen type I in combination with collagen type II and HA were shown to positively influence cell attachment, migration, and proliferation as well as chondrogenic differentiation.[@b25-ijn-10-1131] The reason for this is the nanoscale fibrous structure (50--500 nm in diameter) offering binding sites that are comparable to the native matrix in vivo.[@b28-ijn-10-1131]

In the present in vitro study, a bioresorbable collagen scaffold that was clinically used for the surgical filling of articular cartilage defects was enriched with IGF-1, in suspension or attached to nanoparticles, to compare which route of administration has a greater impact on the regenerative potential of chondrocytes. We hypothesized that cell viability, proliferation, and production of the extracellular matrix will be increased by the addition of IGF-1 administered in the form of sNP.

Materials and methods
=====================

Conjugation of IGF-1 on the surface of fluorescent silica nanoparticles
-----------------------------------------------------------------------

Red fluorescent silica nanoparticles (sicastar^®^-redF, 40-01-103; micromod Partikeltechnologie GmbH, Rostock, Ger-many) with a diameter of 1 μm and amino groups on the surface ([Figure 1A](#f1-ijn-10-1131){ref-type="fig"}) were applied for the conjugation of IGF-1. These nanoparticles were prepared by a modified Stöber process including the covalent binding of fluorescent dye within the whole particle matrix.[@b29-ijn-10-1131] The conjugation strategy of IGF-1 on the surface of the fluorescent silica nanoparticles (sNP) is based on the introduction of maleimide groups on the surface of amino-functionalized nanoparticles via a polyethylene glycol (PEG)24 spacer. In the second step, the maleimide-functionalized nano particles react with the thiolated IGF-1 to form a stable chemical bond between IGF-1 and particles.[@b30-ijn-10-1131] Therefore, 250 μL of sicastar^®^-redF (50 mg/mL) was suspended in phosphate-buffered saline (PBS) buffer (pH =7.4, 0.05 M ethylenediaminetetraacetic acid \[EDTA\]) and mixed with 8 μL of 125 mM N-hydroxysuccinimide--PEG24--maleimide solution in dimethyl sulfoxide (SM (PEG)~24~ amine-to-sulfhydryl crosslinkers with soluble PEG spacer arms; Thermo Fisher Scientific, Waltham, MA, USA). After shaking the suspension for 2 hours at room temperature, the particles were washed twice with PBS buffer (pH =7.4, 0.05 M EDTA) and centrifuged at 3,000 rpm for 10 minutes. Then, 1 mL of IGF-1 solution in PBS buffer (pH =7.4, 0.05 M EDTA) with a concentration of 50 μg/mL was incubated with 13 μL of a 1.4 mM solution of 2-iminothiolane in water (Thermo Fisher Scientific) for 1 hour at room temperature. The thiolated IGF-1 was purified by washing with a G-25 desalting column (GE Healthcare Europe GmbH, Freiburg, Germany) and transferred to the maleimide-functionalized particles. After shaking for 2 hours at room temperature, 100 μL of 20 mM cysteine solution in water was added to block the unreacted maleimide groups. Finally, the particles were washed twice with PBS buffer (pH =7.4, 0.05 M EDTA) by centrifugation at 3,000 rpm for 10 minutes to give 500 μL of particle suspension with a concentration of 25 mg/mL. A hydrodynamic diameter of 1,059 nm of the IGF-1-conjugated particles was measured by photon correlation spectroscopy (Zetasizer Nano-ZS90; Malvern Instruments, Malvern, UK).

Cell culture
------------

Primary chondrocytes were isolated from the hyaline cartilage of patients (n=4, female, mean age: 73±5.1 years) undergoing primary total knee joint replacement after patient consent had been obtained. The study was approved by the Local Ethical Committee (registration number: A2009-17).

The cartilage was removed from the underlying bone, cut into small pieces, and washed three times in PBS (PAA Laboratories, Cölbe, Germany). Afterwards, the cartilage (\~3 g w/w) was treated with 1% Gibco^®^ trypsin/EDTA (Thermo Fisher Scientific) for 20 minutes at 37°C followed by 0.2% collagenase A (Hoffman-La Roche Ltd., Basel, Switzerland) in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal calf serum, 1% amphotericin B, and 1% Gibco^®^ penicillin/streptomycin (Thermo Fisher Scientific) at 37°C overnight. The cell suspension was filtered through a cell strainer (pore size, 70 μm; Nunc, Wiesbaden, Germany) and centrifuged at 118× *g* for 10 minutes. The cell pellet was resuspended in DMEM with the supplements mentioned before and with ascorbic acid (50 μg/mL; Sigma-Aldrich Co., St Louis, MO, USA). Cells were seeded in a 25-cm^2^ culture flask and incubated in a humidified atmosphere at 37°C and 5% CO~2~. The medium was changed every 2--3 days. After reaching 90% confluence (\~5×10^5^ cells/25-cm^2^ flask), the cells were trypsinized and split at a ratio of 1 to 6. For all experiments, cryoconserved chondrocytes were used. After thawing, cells were centrifuged at 118× *g* for 10 minutes, transferred into 75-cm^2^ flasks (passage two), and incubated in a humidified atmosphere at 37°C and 5% CO~2~.

In passage three, 1×10^5^ dedifferentiated cells (per 1 cm^2^ or 24-well format) were either transferred onto a bioresorbable, collagen-based, two-layer matrix (three-dimensional) supplemented with sodium hyaluronate (MBP, Neustadt-Glewe, Germany) or grown in a monolayer on plastic (two-dimensional), which served as controls. As shown in [Figure 1](#f1-ijn-10-1131){ref-type="fig"}, the cells were incubated with: a) platelet growth factor lyophilisate containing 771 pg/μL IGF-1, 517 pg/mL TGF-β1, 2.46 pg/mL VEGF (vascular endothelial growth factor), and 2.20 pg/mL basic FGF (DOT, Rostock, Ger-many); b) recombinant human IGF-1 (rhIGF-1) (R&D Systems, Inc., Minneapolis, MN, USA); c) red-fluorescent (569--585 nm) rhIGF-1-coupled sNP (4 μg rhIGF-1 per 1 mg particle); or d) control NH~2~-nanoparticles sNP (sicastar^®^-redF \[micromod Partikeltechnologie GmbH\]) for 3, 7, and 14 days. The supplements (lyophilisate, rhIGF-1, sNPs) were only added at the time of cell seeding. The first medium change was conducted after 3 days. All particles which were not bound until then were washed away. During the course of further cultivation, the medium was changed every 2--3 days in long-term cultivation. During short-term cultivation over 4 days, serum-free chondrogenic medium (DMEM containing ascorbic acid \[50 μg/mL\]), dexamethasone (100 nM; Sigma-Aldrich Co.), and ITS™ (complete medium to ITS™ in a 100:1 ratio \[BD, Franklin Lakes, NJ, USA\]) were used and no medium changes were conducted.

DNA isolation and quantification
--------------------------------

Proteinase K, DNA lysis buffer, and RNase A were added to cells grown in a monolayer and to cells grown on collagen scaffolds. After 1 hour of incubation at 50°C with continuous shaking, biomaterial residues were transferred into 2-mL homogenization tubes containing small steel beads (Precellys Steel kit, 2.8 mm; PeqLab Biotechnologie GmbH, Erlangen, Germany), covered with 100 μL Tris-EDTA-buffer, and homogenized for 30 seconds at 5,000× *g*. DNA isolation was performed using the peqGOLD Tissue DNA mini kit (PeqLab Biotechnologie GmbH) according to the manufacturer's instructions. Afterwards, DNA concentrations were measured with the Qubit Fluorometer according to the instructions of the manufacturer (Thermo Fisher Scientific).

Cell biological tests
---------------------

The metabolic cell activity was determined with the colorimetric water-soluble-tetrazolium salt (WST-1) assay (Hoffman-La Roche Ltd.). After incubation with a mix of WST assay reagent and cell culture medium at a ratio of 1 to 10 for 60 minutes at 37°C, the optical density (OD) was measured at 450 nm (reference: 630 nm) using an Opsys MR microplate reader (Dynex Technologies, Den-kendorf, Germany). The cell viability was assessed using a LIVE/DEAD^©^ assay kit (Thermo Fisher Scientific). The two-color assay discriminates vital from dead cells by simultaneously staining with green-fluorescent (494--517 nm) calcein-acetoxymethyl (calcein-AM) to indicate intracellular esterase activity, and red-fluorescent (528--617 nm) ethidium homodimer-1 to predict the loss of plasma membrane integrity. The assay was performed as recommended by the manufacturer. Images of the cells were taken with a fluorescence microscope (Nikon Type 120; Nikon Corporation, Tokyo, Japan) and evaluated with NIS-Elements software (Nikon Corporation). Furthermore, scanning electron microscopy (SEM) with the DSM 960 A (Carl Zeiss Meditec AG, Jena, Germany) and confocal laser scanning microscopy (LSM) using the LSM 780 (Carl Zeiss Meditec AG) were conducted to evaluate the surface structure of the collagen scaffold, the cell integrity into the scaffold, and the uptake of nanoparticles by the cells. The three-dimensional reconstruction of z-stack recordings was performed using ZEN Imaging Software (Black edition 2012, Version 2.0).

Procollagen type I (C-terminal of type I collagen) and type II (carboxy propeptide of type II collagen) quantification
----------------------------------------------------------------------------------------------------------------------

Synthesis rates of procollagen types I and II were determined by enzyme-linked immunosorbent assay (ELISA) (TECO-medical, Sissach, Switzerland). The amount of propeptides, in this case the C-terminal of type I collagen (CICP) and the carboxy propeptide of type II collagen (CPII), provides a stoichiometric representation of the production of collagen types I and II, respectively, because CICP and CPII are cleaved from mature collagen molecules prior to incorporation into growing collagen fibrils. Hence, supernatants of cells grown in a monolayer and on the collagen scaffold were collected (after 2, 3, 4, and 7 days of cultivation) and stored at −20°C. The assays were performed according to the manufacturer's instructions. Absorbance was measured at 450 nm for the CPII ELISA and 405 nm for the CICP ELISA using Opsys MR™ microplate reader (Dynex Technologies).

Statistics
----------

Means and standard deviations were calcu lated for each group (n≥3) and compared to each other. Additionally, we analyzed time-dependent gradients within each group. Statistical analysis was evaluated by analysis of variance post hoc-least significant difference using IBM^®^ SPSS^®^ Statistics Version 20 (IBM Corporation, Armonk, NY, USA). A *P*-value \<0.05 was considered statistically significant.

Results
=======

Characterization of chondrocyte growth on the collagen scaffold
---------------------------------------------------------------

The collagen-based scaffold was initially present in a dried form and was therefore incubated in cell culture medium for at least 30 minutes (37°C, 5% CO~2~) to be enriched with medium before cells were added. The scaffold was examined using a scanning electron microscope to get an impression of how the surface structure changes during an incubation time of 7 days with medium. The surface topography appeared slightly frayed and loosened up, but the scaffold remained intact and chondrocyte-like cells isolated from human articular cartilage could easily attach ([Figure 2A](#f2-ijn-10-1131){ref-type="fig"}). In [Figure 2B](#f2-ijn-10-1131){ref-type="fig"}, high cell viability and cell proliferation between days 3 and 14 of cultivation was confirmed by fluorescence microscopy. Additionally, a z-stack, recorded with LSM, indicated that the cells not only grow at the surface, but infiltrate the collagen scaffold. Viable cells could be detected within the collagen scaffold at a depth of 120 μm after only 7 days of cultivation ([Figure 2C](#f2-ijn-10-1131){ref-type="fig"}).

[Figure 3](#f3-ijn-10-1131){ref-type="fig"} shows that the metabolic cell activity increases from 3 to 7 days (OD/median: 0.201 and 0.583, respectively) and remains stable from 7 to 14 days of cultivation (OD/median: 0.583 and 0.532, respectively). Furthermore, human dedifferentiated chondrocytes grown on the collagen scaffold appeared to redifferentiate and remain stable over a longer cultivation period, which was indicated by the slightly increased production of the cartilaginous matrix compound collagen type II during cultivation over 14 days (median ratio of CPII/DNA: 826.20 \[3 days\]; 1,216.27 \[7 days\]; and 1,352.14 \[14 days\]).

Stimulating effect of IGF-1-coupled nanoparticles on dedifferentiated cells
---------------------------------------------------------------------------

Dedifferentiated human chondrocytes of passage three were seeded on cell culture plastic (monolayer) with the addition of IGF-1-coupled nanoparticles. First, cells were cultured over 4 days without conducting a medium change to look for particle binding by the cells via the IGF-1 receptor, and the fate and continuance of particles during cultivation. After 2 and 4 days, cells were washed with PBS and stained with calcein-AM, so that green fluorescent viable cells, but also red fluorescent particles, were detectable with a fluorescence microscope. [Figure 4](#f4-ijn-10-1131){ref-type="fig"} shows viable, proliferative cells after 2 (upper panels) and 4 days (lower panels) as well as IGF-1-coupled nanoparticles bound to the cells (merged pictures). From 2 to 4 days, there was a clear increase in cell number, while the amount of particles remained the same. Subsequently, we examined the production of procollagen types I and II at day 2 and day 4 of cultivation to identify an early stimulating effect of IGF-1-coupled nanoparticles (sNP-IGF-1) on the redifferentiation of passage three chondrocyte-like cells ([Figure 5](#f5-ijn-10-1131){ref-type="fig"}). After 2 days of cultivation, collagen type I was highest in the supernatant of cells cultured with sNP-Co (control nanoparticles) (median: 4,246.28 ng/mL) and lowest for the cells incubated with rhIGF (median: 3,271.15 ng/mL). In all three approaches, the amount of collagen type I was reduced on day 4, which was most evident for cells incubated with sNP-IGF-1 (median: 1,846.93 ng/mL) and rhIGF-1 (median: 1,259.93 ng/mL). Moreover, we could identify an early inductive effect on chon-drogenic differentiation when IGF-1-coupled nanoparticles were added, as the amount of type II collagen was highest in the supernatant of cells incubated for 2 days with sNP-IGF-1 (median: 225.82 ng/mL) in comparison to sNP-Co (median: 217.32 ng/mL) and rhIGF-1 (median: 124.79 ng/mL). From days 2 to 4 of cultivation, we found increased collagen type II production, especially by chondrocytes incubated with IGF-1-coupled nanoparticles (median: 383.82 ng/mL) in monolayer. This result points to a chondroinductive effect and a drug-effectiveness period of less than 4 days.

Impact of a collagen scaffold in combination with growth factors on chondrogenic redifferentiation
--------------------------------------------------------------------------------------------------

Dedifferentiated human chondrocytes of passage three were either seeded on a collagen scaffold or on cell culture plastic with the initial addition of sNP-IGF-1, sNP-Co, rhIGF-1, or growth factor lyophilisate. After 3 and 7 days of incubation, the metabolic activity was measured and the total production of collagen types I and II was determined in all cell supernatants ([Figure 6A--F](#f6-ijn-10-1131){ref-type="fig"}).

In general, higher metabolic cell activity is detectable for cells grown in a monolayer than for cells grown on a collagen scaffold, likely due to the fact that the inner cells here may not have been adequately covered in the 1-hour incubation period of the WST-1 substance. Interestingly, the metabolic activity of cells cultured in a monolayer was significantly reduced at day 7 compared to day 3 when initially incubated with sNP-IGF-1 (1.32-fold; *P*=0.007) and rhIGF-1 (2.91-fold; *P*\<0.001), but significantly increased when initially incubated with lyophilisate (1.93-fold; *P*\<0.001). Cells grown on the collagen scaffold with the addition of sNP-IGF-1 showed a 5.96-fold increased metabolic activity after 7 days compared to after 3 days ([Figure 6A and D](#f6-ijn-10-1131){ref-type="fig"}). Interestingly, there were already significant differences in cell metabolic activity between the sNP-IGF-1-stimulated cells and the three comparison groups after 3 days of cultivation on plastic. Thus, sNP-IGF-1-loaded cells are 42.3%, 76.9%, and 67.4% more metabolically active than cells incubated with sNP-Co, rhIGF-1, and lyophilisate, respectively ([Figure 6A](#f6-ijn-10-1131){ref-type="fig"}). At day 7, cells incubated with rhIGF-1 had the lowest (OD \[mean\]: 0.341) activity, while those with lyophilisate had the highest (OD \[mean\]: 2.024) compared to cells with nanoparticles (OD \[mean\]: sNP-IGF-1, 1.334; sNP-Co, 1.170). Cells grown on the collagen scaffold showed a different behavior. At day 3, the highest activity was found for rhIGF-1-(OD \[mean\]: 0.334) and lyophilisate-incubated (OD \[mean\]: 0.239) cells compared to particle-loaded cells (OD \[mean\]: sNP-IGF-1, 0.043; sNP-KO, 0.058). After 7 days, however, all four cell approaches had the same level of activity ([Figure 6D](#f6-ijn-10-1131){ref-type="fig"}).

It is noticeable that cells grown in monolayer produce much higher amounts of collagen type I than cells grown on the collagen scaffold. This applies after both 3 and 7 days. Compared to sNP-IGF-1-stimulated monolayer cells, cells incubated with sNP-Co or lyophilisate produced significantly more collagen type I (1.44-fold, *P*=0.003, and 1.36-fold, *P*=0.002, respectively) after 7 compared to 3 days, but significantly less (1.77-fold, *P*=0.007) when rhIGF-1 was initially added. When comparing the different monolayer cell approaches at day 3, we found the highest collagen type I expression for cells incubated with lyophilisate, which was significantly higher compared to cells with sNP-Co (1.29-fold, *P*=0.042) and rh-IGF-1 (1.42-fold, *P*=0.009). Until day 7, the amount of collagen type I increased for cells with lyophilisate, while it clearly dropped when cells were incubated with rh-IGF-1 instead. Cells loaded with control particles produced 15% more collagen type I than cells loaded with IGF-1-coupled nanoparticles ([Figure 6B](#f6-ijn-10-1131){ref-type="fig"}). On the collagen scaffold, cells loaded with sNP-Co produced significantly more (41%) collagen type I than rhIGF-1-incubated cells measured at day 3 ([Figure 6E](#f6-ijn-10-1131){ref-type="fig"}).

Regarding the chondroinductive capacity of the scaffold, the overall picture indicates a higher collagen type II production for cells grown on the collagen scaffold compared to those grown on plastic. Additionally, there was a significant reduction in collagen type II expression for monolayer cells ([Figure 6C](#f6-ijn-10-1131){ref-type="fig"}) after 7 days in comparison to 3 days when the cells were initially incubated with sNP-IGF-1 (1.86-fold, *P*=0.001), sNP-CO (1.57-fold), and lyophilisate (1.62-fold). In contrast, cells grown on the collagen scaffold ([Figure 6F](#f6-ijn-10-1131){ref-type="fig"}) produced significantly higher amounts of collagen type II when sNP-IGF-1 (1.53-fold, *P*=0.02) or lyophilisate (1.97-fold, *P*\<0.001) was added. When comparing the four different monolayer cell approaches at day 3, it is noticeable that sNP-IGF-1-loaded cells have the highest amount of collagen type II (mean 120.79 μg/mL), which is significantly higher than for sNP-Co- (mean: 70.98 μg/mL, *P*=0.003), rhIGF-1-(mean: 74.82 μg/mL, *P*=0.005), and lyophilisate- (mean: 57.99 μg/mL, *P*=0.003) incubated cells. This result points to a drug-effectiveness period of less than 3 days and an early chondroinductive effect in monolayer culture. After 7 days, there was less collagen type II synthesized in all approaches except for rh-IGF-1-stimulated cells ([Figure 6C](#f6-ijn-10-1131){ref-type="fig"}).

For cells grown on collagen-based scaffolds ([Figure 6D--F](#f6-ijn-10-1131){ref-type="fig"}), the expression level of procollagen type II in cells incubated with IGF-1-coupled nanoparticles was the same as in cells treated with sNP-Co, rhIGF-1, or lyophilisate after 3 days. After 7 days, the lyophilisate-treated group (positive control) showed the highest amount of procollagen type II (mean: 168.77 μg/mL), which was significantly increased in comparison to the other 3 groups and those with lyophilisate. Cells incubated with sNP-IGF-1 had the second highest total quantity of procollagen type II in the supernatant (mean: 124.74 μg/mL) after 7 days. In contrast to cells grown in a monolayer, we identified a comparable level of procollagen type II at 3 days for all four groups, pointing to the positive influence of collagen scaffolds on the initiation of chondrogenic differentiation (independently of other stimulating factors). The collagen type II ratio (7 days:3 days) indicated that the collagen synthesis rate was highest for cells grown on collagen-based scaffolds enriched with IGF-1-coupled nanoparticles (ratio 1.71:1) and lyophilisate (ratio 1.97:1) ([Figure 6G](#f6-ijn-10-1131){ref-type="fig"}). We found significant differences between sNP-IGF-1-treated cells grown on scaffolds compared to those incubated with control particles (negative control, *P*=0.018) and rhIGF-1 (conventional treatment, *P*=0.044). Moreover, sNP-IGF-1-treated cells as well as lyophilisate-treated cells had significantly higher collagen type II ratios (*P*\<0.001) when grown on scaffolds compared to those grown in a monolayer. [Figure 6H](#f6-ijn-10-1131){ref-type="fig"} confirms that the applied nanoparticles persisted within the scaffold over the cultivation period of 7 days and were bound by the cells.

Discussion
==========

The collagen-based scaffold tested in this study was analyzed regarding its stability, biodegradability, and chondroinductive capacity. It was shown that the scaffold is stable during cultivation (37°C, 5% CO~2~) in DMEM with different supplements over 14 days. Primary chondrocytes isolated from hyaline cartilage were initially expanded in the monolayer over two passages. It is known that during expansion in a monolayer culture, chondrocytes dedifferentiate and cease their cartilage-specific gene expression.[@b31-ijn-10-1131],[@b32-ijn-10-1131] Dedifferentiated cells are comparable with prechondrocytes found in immature cartilage. An advantage for tissue engineering is that those cells are still able to proliferate and infiltrate a scaffold designed for cartilage repair. By adding growth factors to the scaffold, maturation of the cartilage might be induced, resulting in cartilage regeneration.[@b33-ijn-10-1131] In our study, dedifferentiated cells cultured over 14 days infiltrated the collagen-based scaffold to a level of up to 120 μm. With the addition of the growth factor IGF-1, we aimed to induce or increase the chondrogenic differentiation, as IGF-1 had been shown to stimulate the adhesion of chondrocytes to extracellular matrix proteins like collagens and stimulate the proliferation of prechondrocytes.[@b9-ijn-10-1131],[@b34-ijn-10-1131] IGF-1 is important for the maintenance of cartilage integrity and matrix synthesis, but an overexpression of IGF-1 can induce hypertrophic differentiation and mineralization.[@b35-ijn-10-1131],[@b36-ijn-10-1131] Thus, a controlled delivery of biomolecules during the regenerative process is important to avoid adverse effects. Growth factors, in particular IGF-1, have a short half-life; therefore, it is desirable to administer them locally rather than systemically.[@b37-ijn-10-1131] It was shown that the addition of heparin-binding domains to IGF-1 led to an improved local and sustained delivery of IGF-1 to cartilage tissue.[@b38-ijn-10-1131] Nanoparticles coupled with growth factors are used as carriers for a controlled and long-term local stimulation of cells in medical applications.[@b39-ijn-10-1131] An improved strategy for retaining IGF-1 in articular cartilage defects would be the use of a chondroinductive scaffold enriched with growth factor-coupled nanoparticles. In this study, we used IGF-1-coupled sNP to stimulate dedifferentiated chondrocytes, directly in a monolayer or in combination with a collagen scaffold. We were able to detect the particles both in the monolayer and in the collagen-based scaffold (up to 14 days of cultivation), meaning that those particles are bound by the cells and also persist within the scaffold so that a sustained stimulation can be assumed. In previous in vitro studies, a dose-dependent cytotoxic effect of sNP was shown when concentrations of about 25--200 μg/mL were tested in human skin epithelial and lung epithelial cells,[@b40-ijn-10-1131] human embryonic kidney cells,[@b41-ijn-10-1131] and human endothelial cells.[@b42-ijn-10-1131] For our experiments, we used a particle concentration of 12.5 μg/mL and found no negative impact on cell vitality and proliferation of human dedifferentiated chondrocytes. Not only the concentration but also the size of nanoparticles plays a critical role regarding cytotoxicity. It was demonstrated that cytotoxic effects increased with a reduction in particle size. A particle size of 20--50 nm resulted in the highest cytotoxicity levels.[@b41-ijn-10-1131]--[@b43-ijn-10-1131] Here, we used sNP with a diameter of 1 μm, which appeared to have no harmful effect on human chondrocytes.

The chondroinductive effect of nanoparticles coupled with IGF-1 resulted in a positive impact on collagen type II production within the first 2 days. However, in general, there were no differences between sNP-IGF-1, sNP-Co, and rhIGF-1 regarding the amount of collagen types I and II. For all, the amount of collagen type I was reduced after 4 days compared to 2 days while the collagen type II synthesis remained stable. After 3 and 7 days of cultivation of dedifferentiated chondrocytes in serum containing DMEM there was a general increase in metabolic cell activity for cells grown in a monolayer than for cells grown on the collagen scaffold. As we were able to identify viable cells within the scaffold, the striking difference in metabolic cell activity compared to monolayer cells might be due to the fact that the inner cells here may not have been adequately covered in the 1-hour incubation period of the WST-1 substance. Interestingly, the metabolic activity of cells cultured in a monolayer was significantly increased when initially incubated with lyophilisate. We used this platelet growth factor lyophilisate containing IGF-1, TGF-β1, VEGF, and basic FGF for a positive control, as chondrogenesis is regulated by several growth factors which cause a synergistic effect.[@b44-ijn-10-1131] We could demonstrate that chondrogenic-stimulated cells in monolayer cultures produced much higher amounts of collagen type I than cells grown on the collagen-based scaffold. Simultaneously, we found increased collagen type II production for cells grown on the collagen scaffold compared to cells grown in a monolayer. These results fit with data from previous studies and confirm that a collagen-based scaffold supports chondrogenic properties.[@b45-ijn-10-1131] Furthermore, cells grown on the scaffold synthesized significantly more collagen type II when sNP-IGF-1 or lyophilisate was added, which indicates that the regeneration process in clinical applications can be optimized by combining the three basic approaches to tissue engineering: 1) the application of isolated cells or cell substitutes; 2) the delivery of stimulating growth factors; and 3) implanting a three-dimensional scaffold enriched with autologous cells.[@b46-ijn-10-1131]

In summary, in the present in vitro study, a biocompatible collagen-based scaffold was infiltrated by dedifferentiated cells isolated from human articular cartilage and enriched with IGF-1-coupled sNP to positively influence the regenerative capacity. Cell viability was not compromised by the addition of sNP. However, the production of the cartilaginous matrix was increased by coupling of the growth factor IGF-1 to nanoparticles.
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**Notes:** (**A**) Conjugation of the thiolated IGF-1 to PEG24-maleimide functionalized red fluorescent silica nanoparticles (sicastar^®^-redF). (**B**) In passage three, chondrocytes were seeded either on plastic (2-D; upper panel) or on a collagen scaffold (3-D; lower panel) with a concentration of 1×10^5^ cells per 1 cm^2^. Cells were incubated with (a) platelet growth factor lyophilisate (771 pg/μL IGF-1, 517 pg/mL TGF-β1, 2.46 pg/mL VEGF, 2.20 pg/mL basic FGF); (b) 50 ng/mL rhIGF-1; (c) red-fluorescent rhIGF-1-coupled silica nanoparticles (12.5 μg/mL particle suspension =50 ng/mL rhIGF-1); or (d) red-fluorescent control silica nanoparticles (12.5 μg/mL particle suspension =50 ng/mL NH~2~) for 48 and 96 hours, as well as for 3, 7, and 14 days. The supplements (lyophilisate, rhIGF-1, nanoparticles) were only added in the beginning, when the cells were seeded. During cultivation over 14 days, medium (without supplements) was changed every 2--3 days.\
**Abbreviations:** IGF-1, insulin-like growth factor 1; TGF-β1, transforming growth factor beta 1; VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; rhIGF-1, recombinant human IGF-1.](ijn-10-1131Fig1){#f1-ijn-10-1131}

![In vitro characterization of chondrocytes growth on the collagen-based scaffold.\
**Notes:** (**A**) Representative SEM pictures of the scaffold: untreated and dried (upper left); incubated in DMEM supplemented with 10% FCS, 1% penicillin/streptomycin, and 1% amphotericin B for 7 days (upper right); and incubated with chondrocytes for 7 days (lower picture). (**B**) Fluorescence microscopy of live/dead stained chondrocytes grown on the collagen scaffold for 3, 7, and 14 days (vital cells = green; dead cells = red). (**C**) Confocal microscopy (z-stack) of 7-day-old chondrocytes infiltrating the scaffold up to 120 μm.\
**Abbreviations:** DMEM, Dulbecco's Modified Eagle's Medium; FCS, fetal calf serum; SEM, scanning electron microscopy.](ijn-10-1131Fig2){#f2-ijn-10-1131}

![Metabolic cell activity and matrix production of primary chondrocytes cultured on the collagen-based scaffold.\
**Notes:** Chondrocytes were isolated from the hyaline cartilage of patients (n≥5) undergoing primary total knee joint replacement and seeded (1×10^5^ cells/cm^2^) onto the scaffold before being incubated for 3, 7, and 14 days. The metabolic activity was measured via WST-1 (left panel). The production of CPII was quantified and normalized to the DNA content per patch (right panel). Each symbol (circle, triangle) represents a donor. Black lines correspond to the median. Analysis of variance post hoc-LSD was conducted (no significant differences between 3, 7, and 14 days of cultivation).\
**Abbreviations:** CPII, procollagen type II; LSD, least significant difference; OD, optical density; WST-1, water-soluble-tetrazolium salt.](ijn-10-1131Fig3){#f3-ijn-10-1131}

![Binding of IGF-1-coupled nanoparticles by chondrocytes grown in a monolayer for 2 and 4 days.\
**Notes:** Chondrocytes were isolated from the hyaline cartilage of patients (n=3) undergoing primary total knee joint replacement and cultured in a monolayer (1×10^5^ cells per well in a 24-well plate). Cells were suspended with medium supplemented with red-fluorescent rhIGF-1-coupled nanoparticles (12.5 μg/mL particle suspension =50 ng/mL rhIGF-1). During cultivation, no medium change was conducted. After 2 and 4 days, cells were stained with calcein-AM to visualize vital cells (green, upper left and lower left) using a fluorescence microscope. The wavelength of 569--585 nm was used to visualize IGF-1-coupled nanoparticles (red, upper middle and lower middle). The pictures of cells and particles were combined (green, upper right and lower right; overlays). Red darts indicate particles bound by chondrocytes. White bar =100 μm.\
**Abbreviation:** calcein-AM, calcein-acetoxymethyl; IGF-1, insulin-like growth factor 1; rhIGF-1, recombinant human IGF-1.](ijn-10-1131Fig4){#f4-ijn-10-1131}

![Effect of IGF-1-coupled nanoparticles on chondrocytes grown in a monolayer for 2 and 4 days.\
**Notes:** Chondrocytes were isolated from the hyaline cartilage of patients (n=3) undergoing primary total knee joint replacement and were cultured in a monolayer (1×10^5^ cells per well in a 24-well plate). Cells were suspended in serum-free medium supplemented with rhIGF-1-coupled nanoparticles (sNP--IGF-1; 12.5 μg/mL particle suspension =50 ng/mL rhIGF-1), control particles (sNP-Co; 12.5 μg/mL particle suspension =50 ng/mL NH~2~), and rhIGF-1 (50 ng/mL). No medium change was conducted. After 2 and 4 days, CICP (osteogenic marker) as well as CPII (chondrogenic marker) were quantified in the cell supernatant by means of enzyme-linked immunosorbent assay. Data were normalized by division with WST-1 absorption values. Boxes denote interquartile ranges, horizontal lines within the boxes denote medians, and whiskers denote minimum and maximum values. Analysis of variance post hoc-LSD was conducted (there were no significant differences between 2 and 4 days of incubation nor between the 3 different treatments).\
**Abbreviations:** CICP, procollagen type I; CPII, procollagen type II; LSD, least significant difference; sNP, silica nanoparticles; sNP-Co, control nanoparticles; WST-1, water-soluble-tetrazolium salt; IGF-1, insulin-like growth factor 1; rhIGF-1, recombinant human IGF-1.](ijn-10-1131Fig5){#f5-ijn-10-1131}

###### 

Collagen scaffolds enriched with IGF-1-coupled nanoparticles and growth factor lyophilisate have a positive impact on early chondrogenic redifferentiation.

**Notes:** Chondrocytes were isolated from hyaline cartilage of patients (n≥3) undergoing primary total knee joint replacement and were either cultured on cell culture plastic (**A**--**C**) or on a collagen scaffold (**D**--**F**) at a concentration of 1×10^5^ cells/1 cm^2^ each. Initially, culture medium was supplemented with rhIGF-1-coupled nanoparticles (sNP-- IGF-1; 12.5 μg/mL particle suspension =50 ng/mL rhIGF-1), control particles (sNP-Co; 12.5 μg/mL particle suspension =50 ng/mL NH~2~), rhIGF-1 (50 ng/mL), and growth factor Lyoph. Medium change (without supplements) was conducted every 2--3 days. After 3 and 7 days of cultivation, metabolic cell activity was determined with WST-1 assay, and CICP (osteogenic marker) as well as CPII (chondrogenic marker) were quantified in the cell supernatant by means of enzyme-linked immunosorbent assay. Means and standard deviations are demonstrated. For statistically significance analyses, the post hoc-LSD ANOVA was applied (7 days compared to 3 days: \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001; groups compared at 3 days: ^\#\#^*P*\<0.01, ^\#\#\#^*P*\<0.001; groups compared at 7 days: ^+^*P*\<0.05, ^++^*P*\<0.01, ^+++^*P*\<0.001). (**G**) Calculation of the ratio (7 days:3 days) of procollagen type II production by cells grown on scaffolds or on plastic with sNP--IGF-1, sNP-Co, rhIGF-1, and Lyoph. The post hoc-LSD ANOVA was applied (comparison of groups: ^\#^*P*\<0.05, ^\#\#^*P*\<0.01; scaffold compared to monolayer: \*\*\**P*\<0.001). (**H**) Cells grown on the collagen scaffold enriched with sNP--IGF-1 were stained with calcein-AM after 7 days (viable cells: fluoresce green; nanoparticles fluoresce: red). The left diagram shows a z-stack and the right picture shows a representative microscopic top view.

**Abbreviations:** ANOVA, analysis of variance; calcein-AM, calcein-acetoxymethyl; CICP, procollagen type I; CPII, procollagen type II; Lyoph, lyophilisate; LSD, least significant difference; OD, optical density; sNP, silica nanoparticles; sNP-Co, control nanoparticles; WST-1, water-soluble-tetrazolium salt; IGF-1, insulin-like growth factor 1; rhIGF-1, recombinant human IGF-1.
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